It has long been known, from the distribution of multiple amino acid replacements, that not all amino acids of a sequence are replaceable. More recently, the phenomenon was observed at the nucleotide level in mitochondrial DNA even after allowing for different rates of transition and transversion substitutions. We have extended the search to globin gene sequences from various organisms, with the following results: (1) Nearly every data set showed evidence of invariable nucleotide positions.
Introduction
The estimation of the number of nucleotide substitutions is of major concern to molecular evolutionary biologists, since any calculation of the rates of change of DNA sequence requires an estimate of sequence divergence. The most popular method foI estimating this number is Jukes and Cantor's ( 1969 ) , which depends on the assumption that nucleotide substitutions occur at random among the four nucleotides and that the substitution rate is the same for all nucleotide positions. However, it has been shown that actual sequences do not evolve according to these two assumptions. Transition differences are more frequent than transversion differences in both mitochondrial sequences (Brown et al. 1982; Brown and Simpson 1982; Aquadro and Greenberg 1983) and nuclear sequences (Van Ooyen et al. 1979; Fitch 1980; Gojobori et al. 19826) . The higher frequency of transitions is contrary to what one would expect if a nucleotide were supplanted by each of its three alternatives at equal rates. Models incorporating differences in substitution rate have been proposed (Kimura 1980,198 1; Takahata and Kimura 198 1; Gojobori et al. 1982a; Gojobori 1983; Tajima and Nei 1984) . Another component of nonrandom nucleotide substitution is that the substitution rate for nucleotides that do not change the encoded amino acid (synonymous or silent substitutions) is faster than the rate for nucleotides that do change the encoded amino acid (nonsynonymous or replacement substitutions). Models incorporating position-dependent rate differences are also known (Perler et al. 1980; Li et al. 1985; Nei and Gojobori 1986) .
There is an additional component of the position-dependent differences in substitution rates that is not taken into account by either the aforementioned models or most others. Fitch and Margoliash (1967) showed that, in the cytochrome c amino acid sequence, replacements distributed themselves as though there were a fraction of the sites that could not vary. Later, Fitch (1986a) , using his nomographic method, which gives results similar to those obtained by Kimura's (1980) formulas, showed that the mitochondrial sequences of Brown et al. (1982) were not evolving according to a simple model in which all positions are equally variable but transitions and transversions have unequal rates. He proposed that this discrepancy was caused by the presence of invariable sites that were not included in the calculations. Subsequently Fitch (19863) demonstrated that correcting for the percentage of invariable sites after separating the third coding position from the first two largely explained the deviation in the mitochondrial data. In fact, Aquadro et al. (1984) , in trying to find a fit to the same data by using a six-parameter model, could only do so by postulating that 45%-49% of the sites were invariable. The present study demonstrates that some nuclear DNA sequences also support the assertion that there is a fraction of the DNA sequence that is invariable but that there are additional factors-other processes not being considered in current models-that significantly affect estimates of the number of substitutions between sequences.
Material
The vertebrate (plus one insect) sequences used were the beta hemoglobins; the alpha hemoglobins; the gamma hemoglobins; the human alpha, beta, gamma, delta, epsilon, and zeta hemoglobins; and the alpha-beta-gamma hemoglobin concatenated in order to increase the length of the sequence and subsets partitioned by codon position.
1. The 12 beta globins used were human (Homo sapiens; Lawn et al. 1980) , rabbit (Oryctolagus cuniculus; Van Ooyen et al. 1979) , goat gamma (Capra hircus; Haynes et al. 1980a Haynes et al. , 1980b , bovin beta F (Bos taurus; Schimenti and Duncan 1985) ) bovine (Schimenti and Duncan 1985) , mouse beta major (Mus musculus; Konkel et al. 198 1) ; duck (Hampe et al. 198 1 ) , chicken (Gallus gallus; Richards et al. 1979) , chicken rho (Roninson and Ingram 198 l) , Xenopus Zaevis tadpole (Banville et al. 1983 )) X. Zaevis adult ( Richardson et al. 1980; Williams et al. 1980) ) and Chironomus thumi thumi (Antoine and Niessing 1984) .
2. The 17 alpha globins used were human (Wilson et al. 1980) , chimpanzee (Pan troglodytes; Liebhaber and Begley 1983)) rabbit (Heindell et al. 1978) ) mouse 272 Shoemaker and Fitch (Nishioka and Leder 1979) ) horse (Equus caballus; Clegg et al. 1984) ) goat alpha 1 and goat alpha 2 (Schon et al. 1982) , chicken alpha (Dodgson et al. 198 l) , chicken (Cummings et al. 1978; Salser et al. 1979) ) duck (Cairina moschata; Erbil and Niessing 1982) ) duck alpha d (Niessing and Erbil 1983 ) , X . Zaevis tadpole ( Andres et al. 1984)) X. Zaevis adult (Partington and Baralle 198 1; Kay et al. 1983) , human zeta globin (Proudfoot et al. 1982) , chicken pi prime (Engel et al. 1983) , duck pi (Niessing and Erbil 1983) , and carp (Cyprinus carpio; Takeshita et al. 1984 ).
3. The 11 gamma globins used were human gamma A and gamma G (Slightom et al. 1980) ) chimp gamma A and G , gorilla gamma A and gamma G (Gorilla gorilla; Scott et al. 1984) , orangutan gamma 1 and gamma 2 (Slightom et al. 1987) , spider monkey (AteZZes geofioyi; Giebel et al. 1985) , lemur (Lemur fulvus), and dwarf lemur (Cheirogaleus medius; Harris et al. 1986 ).
4. The six human globins used were beta, alpha, gamma, zeta, epsilon (Baralle et al. 1980) , and delta (Spritz et al. 1980) . 5. For the six alpha-beta-gamma concatenated sequences, not every sequence was available for each species used; the sequences used are listed in parentheses following the name of the species. Also, since the goat gamma was not available and since the epsilon genes (Haynes et al. 1980a (Haynes et al. , 1980b Shapiro et al. 1983) were considered to be close enough to the gammas to be used as a replacement, the goat epsilon was used in place of goat gamma. The sequences used in the analysis were human ( alpha-beta-gamma ) , mouse ( alpha-beta), rabbit ( alpha-beta-epsilon ) , goat ( alphabeta-epsilon), chicken (alpha-beta), and X . Zaevis (alpha-beta).
The purpose in using a set of concatenated sequences was to treble the sample size so that for any one codon position one could compare -450 positions for each codon position plotted.
For each set of sequences, data from comparisons between entire sequences and partial sequences (codon positions one and two only and codon position three only) were plotted.
Methods
The nomographic procedure developed by Fitch (1986a) was used to represent the data. An example of this nomogram is given in figure 1 . The ordinate, d, is the fraction of nucleotide sites observed to differ between two sequences, and the abscissa, d,/d,, is the observed ratio of transversion differences to transition differences. The plotted theoretical curves represent the proportion of transition substitutions (s; vertical curves) and the rate of nucleotide substitutions per site (r; horizontal curves) expected to underlie various observed values of d and d,/d,. The fraction of transition substitutions is assumed to be constant over time, and all positions are assumed to be equally variable. For details, see the appendix of Fitch (1986a) .
Results
The results are shown in figures l-7. Given the assumptions (that all positions are equally variable and that transition and transversion substitution rates are different but their relative rates are constant), the plotted data should fall along one of the upward-and-rightward-curving s lines. In none of the graphs of real data is this the case, indicating that at least one of the assumptions in the model is incorrect. Accordingly, some figures show the expected s line under the assumption that a fraction of sites were invariable.
Figures 1 and 2 represent the graphs for which this additional assumption was enough to account for the observed curve. For example, in figure 1 (beta hemoglobins, third coding position), the raw data, represented by circles, approach the equilibrium d,/d, value of 2.00 at a d value of 0.68 instead of 0.75, the expected value if the assumptions of the nomographic procedure were sufficient to estimate the number of nucleotide substitutions that give rise to the observed transition and the transversion differences. The squares represent a theoretical curve derived under the assumption that only 10% of the sites are invariable and that 67% of the substitutions are transitions. Note that the curve is in good agreement with observed data. Hasegawa and Kishino (accepted) estimated the third-position variability in primate mitochondrial DNA to be 0.95. Figure 2 depicts the concatenated hemoglobin sequences split into position three and positions one plus two. Again, the plot of the third position is explained reasonably well by assuming that 10% of the sites are invariable and that 67% of the substitutions are transitions. The erraticism of the data for positions one and two is not simply the consequence of the sample size being too small. The closed triangles each represent from 560 to 840 positions compared and a minimum of 55 differences. Thus, similar departures from model behavior for smaller sample sizes should not too lightly be dismissed as being merely sampling errors.
These two graphs do not represent the usual case, however, for in 12 of the 15 curves their shape was not such that correcting for the fraction of invariable sites was sufficient to cause the plotted data to fall along one of the s lines. Since the results from an analysis of the human hemoglobins show scattering rather like that seen in those results already presented, the former results are not shown. They show, however, orthologous comparisons.
that the problems inhere in paralogous as well as in
Discussion
Some Positions Are Invariable A principal virtue of the nomographic representation is that, for any one gene or collection of sites, it indicates whether the s value-i.e., the fraction of substitutions that are transitions that would appear to be required to explain the nucleotide differences between two sequences-is approximately constant across pairs of orthologous sequences. The examination of the mitochondrial sequences by this technique readily revealed that one needed an additional assumption -e.g., that a subset of the positions is invariable (Fitch 1986b)-and Hasegawa and Kishino (accepted) have obtained the same result by using a maximum likelihood method. Except for figure 1, codon position three in figure 2, and possibly figure 6, none of our data sets (and seven of our analyses are not shown) were so readily fitted. That one cannot depend on the third coding position always to behave in the simple manner shown is seen by comparing figures 1 and 4. Positions 1 and 2 of the gamma hemoglobins ( fig. 6 ) are reasonably well fit if 90% of the positions are invariable and ifs = 0.4, but more data would be desirable. Figure 1 and position three of figure 2 provide evidence that processes occurring in mitochondrial DNA also occur in nuclear DNA, i.e., that there exists a fraction of sites that cannot vary. If these sites are not taken into account in estimating the number of substitutions between two sequences, the estimate can be too low, particularly when divergence times become large (Fitch 1986b) . For example, in the mitochondrial sequences of Brown et al. ( 1982) , in the comparison between chimp and man, Kimura's (1980) formula estimates the number of substitutions to be 86, while Fitch's method (1986b)-which estimates that 40% of the sites in positions one and two and 87% of the sites in position three are variable-obtains an estimate of 96 substitutions; in comparisons between primates and cow, Kimura's formula estimates 334 substitutions and Fitch's method estimates 593 substitutions (see Fitch 1986b) .
The nuclear sequences also demonstrate that the amount of underestimation can be appreciable. The underestimates are not as dramatic as those calculated from the mitochondrial sequences, since, in these nuclear sequences, we are only considering the third position, in which only 10% of the sites are estimated to be invariable. For example, in the human-rabbit comparison (d = 0.22)) when the third position of the beta globins is considered, the number of substitutions is estimated to be 39 (Kimura's formula) and 45 (Fitch's formula). In the mammalian-avian comparisons (average d = 0.59), the number of substitutions is estimated to be 17 1 (Kimura) and 238 (Fitch) . As mentioned in the Introduction, a preponderance of transversions is not usual; in fact, transition differences have been observed to occur more often than transversion differences. However, as Brown and Simpson (1982) and Brown et al. (1982) observed, the fraction of transition differences is expected to decrease with increasing divergence time (see Brown et al. 1982, fig. 4 ). For example, in pairs of comparisons between human, gorilla, and chimpanzee, Brown et al. (1982) noted that 92% of the differences were transitions (d,/d, = 0.09), while in comparisons between primates and nonprimates the transition differences had decreased to 45% (d,/d, = 1.22). This expectation of a gradually decreasing fraction of transitions with increasing divergence does not always hold in the present data. The values seen in figures 5-7 can reach very high levels at quite low divergence times. As an extreme example, when the rabbit sites were compared with the human beta globin position two (d = 0.04), six differences were observed; all six were transversions. This means that small values of d are no guarantee that s is well estimated as being the fraction of differences that are transitions.
Although the data for the human hemoglobins are not shown graphically, they demonstrate that the problems seen in the orthologous sequences are present in paralogous sequences as well.
Covariotides
To glean more information on this phenomenon, positions one plus two of the beta globins were separated and plotted independently. The results are shown in figure  7 . The plot of position one (not shown) was similar in shape to that of the concatenated sequences, positions one plus two ( fig. 2) . The plot of position two is quite different from the others. However, it is the type of plot expected under the concept of covarions -i.e., concomitantly variable codons-developed by Fitch ( 1970) and Fitch and Markowitz (1970) . Under this proposal, it is assumed that a relatively constant fraction of the amino acids in a sequence is variable, the others being unable to change owing to functional constraints on these positions in the protein. However, fixation of a mutation in one variable site may cause that site (or another variable site) to become invariable and/or cause a previously invariable site to become variable. Hence, although the fraction of variable sites remains relatively constant across species, the sites that are variable change. This explanation was proposed to account for the observation that the fraction of invariable sites (not unvaried sites!) increased as the range of species narrowed (Fitch and Markowitz 1970) . Further support for the covat-ion idea came from the comparisons, between metazoans and fungi, of the content of invariable codons of cytochrome c: only two-thirds of the invariable codons (as opposed to the unvaried codons) were the same between these two groups (Fitch 197 1) . A natural extension of the covarion concept is that of concomitantly variable Effect of Invariable Sites on Sequence Divergence 28 1 nucleotides or covariotides (Fitch 1986a ). Indeed, if there are amino acids that cannot be replaced, there must be nucleotides that cannot be substituted.
In the present context, the concept of covariotides may be used to explain the graph in figure 7 (position two of the beta globins). This graph encompasses two phases: a relatively horizontal phase along the bottom of the graph and a vertical phase centering around an equilibrium d,/d, value of 1.6. The first phase is behaving as though there were a small number of variable sites that were absorbing most of the changes and, despite a preponderance of transitions, is reaching d, / d, equilibrium at an early time relative to the d values. The second phase is behaving as though the variable sites were being replaced gradually so that d increases without much of an effect on d,/d,. This latter corresponds to the infectiousness of the covariotide process, i.e., although the proportion of variable sites remains constant across species, the particular sites that are variable change. The curve does not become vertical at the point where it ceases to be horizontal. Rather, there are 23 points that extend out to the right of the graph, with d values ranging from 0.06 to 0.33 and with d,/d, values ranging from 2.50 to 4.60. After this, the curve swings back to less extreme d,/d, values, the equilibrium value being -1.6. This will be discussed more fully below.
To test whether figure 7 can be explained by the covariotide process, we carried out simulations, two of which are reported here. The starting sequence for each simulation was a poly-A sequence 100 nucleotides long. Each point represents the continued divergence from poly-A (there is no branching process). Transition substitutions were assumed to occur with a probability of 0.8 and transversion substitutions were assumed to occur with a probability of 0.2, values inferred from figure 7, bottom left. Substitutions were distributed among the variable sites in a Poisson fashion. If not all sites were variable, variable sites were chosen to become invariable at random and were replaced by sites randomly chosen from among all currently invariable sites, including sites that had once been variable. In the first simulation (control), all sites were variable. In the second simulation (experimental), only 10% (a value taken arbitrarily from a fit to fig. 6 ) of the sites were variable. In addition, there was a probability of 0.2 that, after each nucleotide substitution, some variable site, chosen at random, would be exchanged for an invariable site. The results of the simulations are shown in figure 8. Except for the last few points, the points for the control simulation (triangles) fall along the s = 0.8 line, as it should when 80% of the substitutions are transitions.
The experimental simulation (circles) mimics roughly the shape of the curve observed in position two of the beta globins ( fig. 7) . Six points are off the curve to the right owing to large d,/d, values. After the curve reaches these large d,/d, values, it returns and oscillates around an equilibrium value of 1.5. This swing back toward the left represents the reentry, into the variable set, of positions that had been variable previously but subsequently had become invariable.
The slope of the curve in the horizontal portion of the simulated case appears to be closer to zero than does the slope of the curve in figure 7 . This may indicate that the probability of a nucleotide position remaining variable is not the same across all variable positions in biological sequences such as those in figure 7 . In our simulation, all variable positions became invariable with equal probability. Also, the slope of the horizontal portion of the curve becomes fairly constant at about d = 0.20 in our simulation, while the analogous value in figure 7 is more like 0.10. The value in the simulation would be more similar to that of the hemoglobin if it were assumed that there were another 100 nucleotide positions that were not only invariable but could in which all nucleotide sites were variable and in which a constant fraction (0.8 ) of the substitutions was of the transitional type, as per the assumptions of the methods of Fitch (1986~1, 1986b and Kimura (1980, 198 1) . A new point was plotted after every 10 substitutions. A total of 150 substitutions were incorporated. The circles represent an attempt to simulate the processes we think might give rise to data like those in fig.  7 . This simulation assumes that only 10% of the second-position sites are variable at any one moment and that a constant fraction (0.8) of the substitutions was of the transition type. There was a probability of 0.2 that one of the variable sites would be replaced after each substitution. A new point was plotted after every 10 substitutions. A total of 630 substitutions were incorporated. Open circles represent two or three superimposed data points. The line is a moving average of 10 points, except for the first and last k (k < 10) points, which are cumulative averages of the first and last k successive points. Six points are missing from the graph because of d,/d, ratios >2.4. For these points, the d values ranged from .22 to .26 and the d,/d, ratios ranged from 2.67 to 3.80. B Estimated number of substitutions required to get the observed values by using Kimura's ( 1980) formulas.
b Error in factor K as estimate of S.
never become variable. Also, the value of d,/d, toward the end of the simulation is -1.5, while it is closer to 1.6 in position two of the beta globins. This may not be a significant difference. Despite these differences, the main conclusion of the simulation is clear: the assumptions used in the experimental simulation are sufficient to explain the general shape of the curve observed in figure 7 . Thus, a low fraction of variable positions coupled with a high ratio of transition/transversion substitutions and an appreciable probability of exchange of variable sites for invariable sites can explain (although not prove) the manner in which position two of these beta hemoglobins is evolving (see Appendix for more details). This reemphasizes previous assertions (Fitch 1986a, 19863 ) that the fraction of invariable sites should be taken into account if accurate estimates of the number of nucleotide substitutions are desired. However, even accounting for the fraction of invariable sites (if they are known or estimable) is often not sufficient to permit a reasonable estimate of the total number of substitutions. One also needs to know how the set of covariotides changes. The Appendix shows why large values of d,/d, may be observed even when both d, and the equilibrium value may be small.
Underestimates of Substitutions
To indicate the possible extremity of the underestimates, table 1 lists, for given values of d and d,/d,, both the estimated rates of substitution for Kimura's (1980) , K, method and the actual value in the simulation, S. Points are taken from four different portions of the curve. The estimated number of substitutions can be off by as much as an order of magnitude! Finally, it is commonly believed that, as long as the fraction of the sites that differ is small, there will be no serious error in using the relatively simple Poisson corrections of current methods. But that belief is based on the unwarranted assumption that at any one time only a small minority of the sites are invariable. That is perhaps true in pseudogenes, but, at least in beta globin coding position two, the present analyses suggest that instead it may be the variable sites that are the small minority-and this could easily be true for first and second coding positions of other protein coding sequences. Perhaps it could be true for regulatory sequences as well. In the simulation, only 10% of the sites were variable at any one time. When the sequences were 0.15 different, Kimura's correction indicated that there were 0.17 substitutions/site (table  1) . In fact, there were 0.6 substitutions/site. The differences were incremented by only 0.02 by Kimura's method; they needed to be incremented by 0.45. For larger d values the situation is worse, with the difference being an order of magnitude.
between estimated and true values Other Considerations
There are a number of questions raised by these data. One question is, Why do the third positions of alpha hemoglobin behave so badly ( fig. 4) , while those of beta hemoglobin behave, comparatively, so well ( fig. l) ? We do not know, but M. Nei (personal communication) has suggested it may be because, across species, the thirdposition nucleotide composition is more variable for alpha hemoglobin than for beta hemoglobin.
A second question is, Why should 10% of the third positions of beta hemoglobin be invariable? We do not know, but it should be pointed out that methionine and tryptophan composition alone will not do it. However, at larger values of d, the failure of the assumptions becomes more critical. In particular, if the true processes do not require that there be 25% of each nucleotide at equilibrium, then we should not expect that d,/d, will be 2 at equilibrium. In particular, if there is a G,C bias in the third position, then the equilibrium value of d,/d, will be >2 and the equilibrium value of d will be ~0.75. That would mean that we have overestimated the fraction of invariable third positions. Moreover, the error bars on the estimate are substantial anyway, considering we are extrapolating from heterogeneous data.
Another question is, Are these disturbing scatter-grams simply the result of using the wrong model? In one sense, the answer must be yes. In fact, that is the point of the present paper. Even two parameters-which is one more than that assumed by most models currently used for correction of multiple substitutions at sites in a geneis not enough. It is clear that in some cases it is sufficient also to estimate the number of invariable sites (e.g., fig. 1 ). We suspect that the problem frequently lies in the parameters not remaining constant either across lineages or over time.
The experts who derived the previous models made assumptions that were reasonable at the time [although the Fitch and Markowitz (1970) article was published 19 years ago]. Moreover, they were all aware of both the importance of those assumptions and the potential consequences of their not being true. We feel, however, that users of these various formulas need a better awareness of their limitations. Where only relative rates are required, and in the absence of gross extrapolations, we do not expect serious errors in conclusions to have been made. We do believe, however, at least for protein coding regions, that many substitution rates may be greatly underestimated and that considerable caution should be exercised in their interpretation. If the rates of codon substitution-and hence the rates of amino acid replacementhave been greatly underestimated, there is added reason to believe that more of those replacements were selectively neutral.
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APPENDIX

How a Low Ratio of Transversion-to-Transition Substitutions Can Produce a High Ratio of Observed Transversion-to-Transition Differences
Let s be the frequency of transitions, let v be the frequency of transversions (s+v= l), and let r be the average number of nucleotide substitutions that a site has sustained by the time it is removed from the class of variable sites and replaced by a previously variable but now invariable site to reenter the class of variable sites a second time. What, then, is the expected d,/d, in the sites that once were variable?
To answer this question one must estimate the distribution, in the once variable but now invariable sites, of the frequency of sites, fi, that sustained i substitutions before becoming invariable. This is the Poisson distribution, where c = rid-'/i!.
Given that a site has sustained i substitutions, the expected distribution of transitions and transversions is binomial and thus of the form (s + v)~, which must be expanded and examined term by term. Each term is of the form (j)&vk, where j + k = i and i, j, and k are nonnegative integers. It remains only to discover whether j transitions plus k transversions at a single site will result in an observed difference and, if so, whether it will be a transition or transversion difference. The following rules apply: 1. If i = 0, there are no observable differences. 2. If k = 0 (all substitutions are transitions), then there is one observable transition difference if j is odd; there is no observable difference if j is even (every second transition substitution reverses the prior transition). 3. If k is an odd number, there is an observable transversion difference irrespective of the number of transition substitutions. 4. If k is an even number, then there may-but need not-be an observable transition difference. If the two possible transversions from any given nucleotide are equally probable, then, when k is even, there will be no observable difference half of the time and an observable transition difference half the time.
The above rules and formulas were used to get the expected values for the steadystate case shown in table Al where r = 5, s = 0.8, and v = 0.2. The computations are illustrated for the case i = 5, which gives (s + v)~ = s5 + 5s4v + 10s3v3 + 5sv4 + v5 = 0.3277 + 0.4096 + 0.2048 + 0.05 12 + 0.0064 + 0.0003 = 1. By the rules given above, the first term represents observable transitions, the second, fourth, and sixth terms are observable transversions, and for all other terms, half are observable transitions and half are not observable differences. This gives a total of 0.4096 + 0.05 12 + 0.0003 = 0.46 1 observable transversion differences and 0.4333 observable transition differences. The fraction of sites that have sustained five substitutions is 5 'e-'/ 5! = 0.1755 and is to be multiplied by the observed differences. Thus, we have d, = 0.0809 and d, = 0.0760 as the contribution from sites having exactly five substitutions to the observable differences when there is an average of five substitutions per site and when 80% of the substitutions are transitions.
The preceding calculation, performed for other values of i, is summarized in table A 1 and, when summed over the values of i, gives the results shown in the bottom line. Thus, at steady-state, one expects d,/d, to be 1.7 1 if there are, on average, five substitutions per site. However, it takes a considerable time to reach that level. All sites must acquire two substitutions, then three, then four, on the way to an average of five. We should perhaps, then, be more interested in early stages of divergence.
Nonequilibrium cases are less easily described in a general formalization, but an effect of the stochastic process in the early stages can be seen in the following way: Suppose that most of the covariotides have sustained two substitutions. In the (s + v)* expansion, the s* term contributes no observable differences, the 2sv term Of course, one does observe fewer differences. The unobserved fraction for two substitutions is s2 + v2/ 2. For s = 0.8,66% of the twice-substituted positions have no observable differences, and for s = 0.9, the percentage is 8 1 S.
